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Abstract 

A  novel  electrochemical  route  to  prepare  the  Mn  oxide  with  ideal  pseudocapacitive  performance  is  successfully  proposed  in  this  study.  In 
ft-butylmethylpyrrohdinium  bis(trifluoromethylsulfony)imide  (BMP-NTf2)  ionic  liquid,  a  nanostructured  and  amorphous  Mn  film  could  be  elec¬ 
trodeposited  on  a  Ni  substrate.  The  metallic  Mn  films  were  then  anodized  in  Na2S04  aqueous  solution  by  the  potentiostatic,  galvanostatic,  and  cyclic 
voltammetric  methods  and  transformed  to  Mn  oxides.  It  was  confirmed  that  the  different  anodization  courses  would  cause  variations  in  the  material 
characteristics  of  the  prepared  Mn  oxides  and  therefore  in  their  pseudocapacitive  performance.  The  Mn  oxide  anodized  by  the  cyclic  voltammetric 
method  showed  the  most  promising  specific  capacitance  of  402Fg_1;  moreover,  its  capacitance  retained  ratio  after  500  charge-discharge  cycles 
was  as  high  as  94%. 

©  2008  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Electrochemical  supercapacitors  are  the  charge- storage 
devices  that  have  a  greater  power  density  and  longer  cycle 
life  than  batteries,  and  they  possess  a  higher  energy  density  as 
compared  with  conventional  capacitors  [1].  The  natural  abun¬ 
dance  and  low  cost  of  manganese  (Mn)  oxide,  accompanied 
by  its  satisfactory  electrochemical  performance  in  mild  elec¬ 
trolytes  and  environmental  compatibility,  have  made  it  one 
of  the  most  promising  electrode  materials  for  supercapaci¬ 
tors.  Owing  to  the  fast  and  reversible  faradic  redox  reaction 
of  the  electroactive  Mn  oxide,  pseudocapacitive  behavior  of 
the  oxide  electrode  can  be  recognized  [2-4].  Recently,  var¬ 
ious  kinds  of  processes,  including  thermal  decomposition 
[5-6],  coprecipitation  [2,7,8],  sol-gel  processes  [3,9,10],  phys¬ 
ical  vapor  deposition  [11],  hydrothermal  synthesis  [12]  and 
anodic  deposition  [13,14],  etc.,  have  been  developed  to  pre¬ 
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pare  the  Mn  oxides  with  demanding  electrochemical  properties. 
It  was  confirmed  that  the  preparation  methods  and/or  condi¬ 
tions  could  significantly  affect  the  material  characteristics  of 
the  obtained  Mn  oxides,  and  consequently  their  correspond¬ 
ing  pseudocapacitive  behavior.  The  typical  specific  capacitances 
of  Mn  oxides  that  have  been  reported  in  the  literature  are 
in  the  range  of  100-300  Fg-1  except  those  extremely  thin 
oxide  films  [3,4].  Undoubtedly,  searching  for  a  more  suit¬ 
able  fabrication  process  to  prepare  the  Mn  oxide  with  superior 
capacitive  performance  is  an  issue  of  great  importance  and  inter¬ 
est. 

Since  the  pseudocapacitance  of  Mn  oxide  is  associated  with 
the  reversible  redox  reaction  between  its  trivalent  and  tetrava- 
lent  forms  [3,4,15,16],  the  theoretic  specific  capacitance  should 
be  above  1100Fg_1.  However,  both  the  poor  electronic  and 
ionic  conductivity  of  the  Mn  oxide  have  kept  it  from  approach¬ 
ing  the  ideal  electrochemical  performance  [17].  Much  research 
effort  has  been  devoted  to  optimize  the  micro  structure  of  the 
Mn  oxide.  For  example,  nanotechnology  is  adopted  to  improve 
the  utilization  of  this  electroactive  material  and  so  does  its 
specific  capacitance.  On  the  other  hand,  developing  a  more 
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effective  and  convenient  method  to  prepare  the  Mn  oxide  is 
another  notable  issue  especially  from  the  viewpoint  of  com¬ 
mercial  applications.  Since  the  anodic  deposition  is  able  to 
prepare  the  Mn  oxide  electrode  by  a  simple  single-step  pro¬ 
cedure  [13,14],  this  electrochemical  process  is  considered  to  be 
one  of  the  most  promising  candidates.  Another  important  ben¬ 
efit  of  using  the  electrochemical  preparation  process  is  the  ease 
of  controlling  the  thickness,  morphology,  porosity,  and  chemical 
states  of  the  obtained  oxides  (by  simply  adjusting  the  electroplat¬ 
ing  parameters).  Optimization  of  pseudocapacitive  performance 
of  the  anodically  deposited  Mn  oxide  was  attempted  by  several 
approaches  in  our  previous  studies  [18-21],  however,  the  spe¬ 
cific  capacitance  was  not  higher  than  250  F  g_1 .  In  this  paper,  we 
would  propose  another  novel  electrochemical  route  to  prepare 
the  Mn  oxide  with  much  more  ideal  pseudocapacitive  perfor¬ 
mance.  A  nanostructured,  amorphous,  and  metallic  Mn  thin 
film  is  cathodically  deposited  in  ft-butylmethylpyrrolidinium 
bis(trifluoromethylsulfony)imide  (BMP-NTf2)  ionic  liquid. 
After  this  film  being  electrochemically  transformed  to  the  Mn 
oxide  by  a  proper  anodization  condition,  the  specific  capacitance 
over  400  F  g-1  can  be  obtained. 

2.  Experimental 

The  BMP-NTf2  ionic  liquid  with  0.05  M  Mn(II)  cations  was 
prepared  according  to  the  previous  literature  [22,23].  Mn  thin 
films  were  cathodically  deposited  on  nickel  (Ni)  substrates  in 
the  above-mentioned  ionic  liquid  stirred  by  a  magnetic  pad¬ 
dle  at  50  °C.  The  deposition  process  was  performed  under  a 
purified  nitrogen  atmosphere  in  a  glove  box  (Vacuum  Atmo¬ 
sphere  Co.),  in  which  the  moisture  and  oxygen  contents  were 
maintained  below  1  ppm.  A  three-electrode  electrochemical  cell 
controlled  by  an  AUTOLAB  potentiostat  was  adopted  for  this 
experiment.  The  Ni  foil  (with  the  exposed  area  of  1  cm2  and 
the  thickness  of  120  |mm)  was  etched  in  1  M  H2SO4  solution  at 
85  °C,  then  washed  with  pure  water  in  an  ultrasonic  bath,  and 
finally  used  as  the  working  electrode  after  drying.  The  reference 
electrode  was  a  Pt  wire  placed  in  a  fritted  glass  tube  containing 
BMP-NTf2  ionic  liquid  with  the  ferrocene/ferrocenium  couple 
(Fc/Fc+,  +0.55  V  vs.  SHE)  as  the  internal  reference  standard. 
In  addition,  the  counter  electrode  was  a  Mn  block  which  can 
compensate  the  consumption  of  Mn  cations  in  the  ionic  liquid. 
During  the  electrodeposition  process,  a  cathodic  potential  of 
—  1.8V  (vs.  Fc/Fc+  couple)  was  applied  to  yield  a  total  passed 
charge  of  0.3  C  cm2.  The  obtained  Mn  films  were  thoroughly 
cleaned  with  CH2CI2  solution  and  then  dried  in  air.  To  pre¬ 
pare  the  Mn  oxides,  the  metallic  Mn  films  were  anodized  in 
0.1  M  Na2SC>4  aqueous  solution  at  25  °C.  In  this  experiment, 
a  saturated  calomel  electrode  (SCE)  and  a  platinum  sheet  were 
used  as  the  reference  and  counter  electrodes,  respectively.  There 
were  three  different  anodization  courses  performed  in  this  study; 
they  included  (1)  Potentiostatic  method:  a  constant  potential  of 
0.9  V  was  applied  for  10  min.  The  corresponding  anodic  current 
density  would  rapidly  decay  from  approximately  15  mAcm2  to 
a  steady  value  less  than  0.1  mAcm2  after  100s.  The  prepared 
oxide  electrode  is  denoted  as  Mn  oxide-P.  (2)  Galvanostatic 
method:  a  constant  current  density  of  0.3 mAcm2  was  applied 


while  the  electrode  potential  gradually  increased  from  around 
0  V  to  a  cutoff  point  of  0.9  V.  The  prepared  oxide  electrode 
is  denoted  as  Mn  oxide-G.  (3)  Cyclic  voltammetric  method: 
a  potential  sweep  rate  of  25  mV  s-1  was  performed  within  a 
range  of  0-0.9  V.  It  was  repeated  for  10  cycles  because  no  fur¬ 
ther  irreversible  anodic  reaction  could  take  place  afterward.  The 
prepared  oxide  electrode  is  denoted  as  Mn  oxide-CV.  All  the 
total  anodic  charges  of  the  three  methods  were  approximately 
0.1  Ccm2,  and  further  oxidation  was  quite  difficult  to  execute. 
The  obtained  Mn  oxides  were  totally  dissolved  in  2  M  HNO3 
solution  and  the  amounts  of  Mn  were  quantified  by  an  atomic 
absorption  spectroscope  (AAS,  SOLAAR  M6).  Accordingly,  the 
weight  of  the  oxide  could  be  evaluated  by  referring  to  its  chemi¬ 
cal  composition  (Mn/O  ratio).  The  typical  oxide  loading  weight 
on  the  substrate  was  approximately  0.1  mg. 

The  morphology  and  chemical  composition  of  the  sam¬ 
ples  were  examined  with  a  scanning  electron  microscope 
(SEM,  Philip  XL-40FEG)  and  its  auxiliary  X-ray  energy  dis¬ 
persive  spectroscope  (EDS).  Glancing  angle  X-ray  diffraction 
(GAXRD)  analyses  were  also  performed  with  a  Rigaku  D/MAX 
2500  diffractometer  to  explore  the  crystal  structure.  An  X-ray 
photoelectron  spectroscope  (XPS,  VG  ESCALAB  210)  was 
used  to  inspect  the  chemical  states  of  the  different  oxides.  Alu¬ 
minum  Ka  (1486.6  eV)  radiation  was  utilized  as  the  X-ray 
source;  and  the  pressure  in  the  analyzing  chamber  was  approxi¬ 
mately  1  x  10-9  Torr.  In  addition,  the  electrochemical  behavior 
of  the  various  Mn  oxides  was  studied  by  cyclic  voltammetry 
(CV)  in  0.1  M  Na2SC>4  solution  at  25  °C.  The  adopted  potential 
scan  rate  was  in  a  range  of  5-150  mV  s_1.  Moreover,  elec¬ 
trochemical  stability  of  the  oxide  electrodes  was  evaluated  by 
repeating  the  CV  test  for  500  cycles.  The  decay  in  the  specific 
capacitance  versus  the  cycle  number  was  recorded. 

3.  Results  and  discussion 

Fig.  1  shows  the  schematic  diagram  of  the  electrodeposition 
of  Mn  in  BMP-NTf2  ionic  liquid.  It  was  found  that  the  Mn 
cation  can  be  reduced  to  its  metallic  state  on  the  Ni  substrate  at 
a  sufficiently  negative  potential,  beginning  at  —1.75  V  (vs.  the 
Fc/Fc+  reference).  Meanwhile,  the  dissolved  Mn  cations  from 
the  counter  electrode  can  compensate  their  consumption  during 
the  deposition  process.  Both  the  weight  gain  of  the  working  elec¬ 
trode  and  the  weight  loss  of  the  counter  electrode  were  measured 
with  a  microbalance  after  passing  a  given  amount  of  charge.  The 
experimental  data  confirmed  that  the  conversion  efficiency  was 
above  95%.  In  addition,  the  Mn  cations  in  the  ionic  liquid  were 
already  known  to  be  divalent  in  our  previous  study  [23].  With 
these  understandings,  it  would  be  truly  easy  to  electrodeposit  a 
Mn  thin  film  with  desired  thickness  in  the  ionic  liquid.  In  addi¬ 
tion,  the  obtained  Mn  films  were  found  to  be  continuous  and 
adhesive  on  the  Ni  substrate.  A  convenient  and  effective  process 
to  prepare  a  Mn  thin  film  was  thereby  proposed. 

Fig.  2(a)  shows  the  surface  morphology  of  the  as-deposited 
Mn  film  examined  by  the  SEM,  revealing  that  it  is  composed  of 
numerous  spherical  nanoparticles  with  the  diameter  of  approxi¬ 
mately  50  nm.  Fig.  2(b)  exhibits  the  SEM  micrograph  of  the  Mn 
oxide-P  electrode.  As  compared  with  Fig.  2(a),  it  is  found  that 
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Fig.  1.  The  schematic  of  Mn  electrodeposition  in  BMP-NTf2  ionic  liquid. 

the  as-deposited  Mn  nanoparticles  would  lump  together  after 
being  oxidized  because  of  their  volume  expansion.  Furthermore, 
since  a  high  constant  potential  (—0.9  V  vs.  SCE)  was  applied 
and  the  electrode  was  rapidly  passivated  during  the  anodiza¬ 
tion  process,  the  formed  oxide  was  rather  compact.  As  shown 
in  Fig.  2(c),  the  morphology  of  the  Mn  oxide  prepared  by  the 
galvanostatic  condition  is  different  from  that  of  the  Mn  oxide-P 
electrode.  In  addition  to  the  compact  oxide  blocks,  some  finely 


whiskery  structure  is  also  found.  Fig.  2(d)  demonstrates  the 
unique  micro  structure  of  the  Mn  oxide-CV  electrode.  Because 
the  applied  potential  was  swept  back  and  forth  to  anodize  the 
film,  the  obtained  oxide  was  highly  porous  and  showed  a  clearly 
nano-fibrous  morphology  on  its  surface.  These  SEM  observa¬ 
tion  results  indicate  that  the  different  anodization  courses  could 
indeed  cause  the  change  in  the  oxide  morphology.  The  chemical 
compositions  of  the  three  prepared  Mn  oxides  were  examined  by 
the  EDS.  The  analytic  data  revealed  that  no  impurity  (besides  Mn 
and  O)  was  contained  in  the  oxides.  Moreover,  the  Mn/O  atomic 
ratios  for  the  Mn  oxide-P,  Mn  oxide-G,  and  Mn  oxide-CV  were 
38/62, 41/59,  and  43/57,  respectively.  Fig.  3  shows  the  GAXRD 
patterns  of  the  as-deposited  Mn  and  the  Mn  oxide-P  electrodes; 
actually,  the  Mn  oxide-G  and  Mn  oxide-CV  electrodes  reveal 
the  similar  analytical  results.  The  only  diffraction  peaks  detected 
are  associated  with  the  Ni  substrates;  no  signal  from  the  deposits 
can  be  found.  These  experimental  data  suggest  that  the  deposited 
Mn  and  the  Mn  oxides  are  amorphous  in  nature,  whose  charac¬ 
teristic  is  considered  to  be  beneficial  for  their  pseudocapacitive 
performance. 

Fig.  4(a)  shows  the  Mn  2p3/2  orbit  XPS  spectra  of  the  three 
oxides.  As  demonstrated,  a  clear  peak  shift  in  binding  energy 
due  to  the  different  anodization  conditions  can  be  recognized. 
The  Mn  oxide-P,  Mn  oxide-G,  and  Mn  oxide-CV  samples  show 
their  peak  positions  at  642.5  eV,  642.3  eV,  and  642.1  eV,  respec¬ 
tively.  It  was  reported  in  the  literature  [24,25]  that  the  binding 
energies  of  the  Mn  2p3/2  electron  increased  with  its  valent  state, 
advancing  from  641 .6  eV  for  Mn203  to  642.6  eV  for  MnC>2.  The 
comparison  results  indicated  that  in  all  the  prepared  oxides,  the 
Mn  was  present  in  both  trivalent  and  tetravalent  states.  Moreover, 


Fig.  2.  SEM  micrographs  of  the  (a)  as-deposited  Mn,  (b)  Mn  oxide-P,  (c)  Mn  oxide-G,  and  (d)  Mn  oxide-CV  electrodes. 
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Fig.  3.  GAXRD  patterns  of  the  as-deposited  Mn  (curve  a)  and  Mn  oxide-P 
(curve  b)  electrodes. 

it  was  confirmed  that  the  Mn  oxide-P  had  the  highest  valence 
of  Mn  while  the  Mn  oxide-CV  had  the  lowest  one.  This  trend 
was  consistent  with  that  recognized  in  the  EDS  analyses.  How¬ 
ever,  it  was  found  that  the  Mn  valent  state  determined  by  XPS 
was  higher  than  that  estimated  from  EDS.  Considering  the  dif¬ 
ferent  analytic  depth  of  these  two  techniques,  it  may  imply  that 
the  underneath  part  of  the  metallic  Mn  film  was  not  completely 
oxidized.  This  hypothesis  can  be  well  supported  by  the  fact  that 
the  total  anodic  charge  (0.1  C  cm2)  to  oxidize  the  Mn  film  was 
less  than  that  (0.3  C  cm2)  to  electrodeposit  it,  although  this  phe¬ 
nomenon  was  also  partially  attributed  to  the  non-electrochemical 
oxidation  of  the  Mn  film  as  exposed  to  air.  Fig.  4(b)  shows  the  O 


Is  XPS  spectra  of  the  various  Mn  oxides.  As  revealed  in  this  fig¬ 
ure,  each  spectrum  can  be  deconvoluted  into  three  constituents 
that  correspond  to  different  oxygen-containing  species  such  as 
anhydrous  Mn  oxide  at  529.8  eV,  Mn  hydroxide  at  53 1 .2  eV,  and 
structure  water  at  532.4  eV  [26,27].  Clearly,  the  peak  area  (cor¬ 
responded  to  the  amount)  of  the  different  components  for  the 
Mn  oxides  significantly  varied  with  their  anodization  history. 
The  Mn  oxide-P  has  the  highest  amount  of  the  anhydrous  com¬ 
pound  among  the  electrodes.  However,  both  the  hydroxide  and 
structure  water  contents  would  remarkably  increase  when  the 
CV  anodization  method  was  employed. 

Electrochemical  performances  of  the  Mn  oxides  prepared 
by  the  different  anodization  methods  were  evaluated  by  cyclic 
voltammetry  (CV).  Fig.  5  shows  the  voltammograms  of  the  var¬ 
ious  electrodes,  measured  in  0. 1 M  Na2SC>4  electrolyte  at  25  °C, 
with  a  potential  scan  rate  of  25  mV  s_1 .  As  demonstrated,  all  the 
CV  curves  are  essentially  close  to  rectangular  shapes,  i.e.  the 
respondent  current  does  not  really  change  within  the  potential 
window  of  0-0.9  V  but  immediately  switch  its  flowing  direction 
as  the  potential  is  scanned  reversely.  Moreover,  their  mirror- 
image  characteristics  which  show  the  approximate  anodic  and 
cathodic  enclosed  area  can  also  be  clearly  recognized  in  this  fig¬ 
ure,  revealing  the  ideal  pseudocapacitive  behavior  of  the  oxide 
electrodes.  It  was  noted  that  the  working  electrolyte  (0.1  M 
Na2SC>4  solution)  can  be  the  same  with  that  used  to  oxidize 
the  Mn  films.  The  fact,  from  the  viewpoint  of  practical  applica¬ 
tions,  would  simplify  the  process  of  fabricating  a  supercapacitor 
device.  In  addition,  Fig.  5  indicates  that  the  enclosed  areas  of 
the  CV  curves  that  correspond  to  energy  storage  capability  of 
the  oxide  electrodes  depend  on  their  anodization  conditions. 
Clearly,  the  Mn  oxide-CV  reveals  the  most  promising  per¬ 
formance  among  the  electrodes.  To  quantitatively  express  the 
charge  storage  capacity,  the  specific  capacitance  (C)  of  the  oxide 


Fig.  4.  (a)  Mn  2p3/2  XPS  spectra  and  (b)  O  Is  XPS  spectra  of  the  Mn  oxide-P  (curve  a),  Mn  oxide-G  (curve  b),  and  Mn  oxide-CV  (curve  c)  electrodes. 
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Fig.  5.  Cyclic  voltammograms  of  the  Mn  oxide-P  (curve  a),  Mn  oxide-G  (curve 
b),  and  Mn  oxide-CV  (curve  c)  electrodes.  They  were  measured  in  0.1M 
Na2SC>4  electrolyte  at  25  °C  with  a  potential  scan  rate  of  25  mV  s_1 . 

can  be  calculated  according  to  the  following  equation: 

C  specific  voltammetric  charge 
potential  range 

where  the  specific  voltammetric  charge  (voltammetric  charge 
per  gram  of  the  oxide)  was  integrated  from  positive  to  negative 
sweeps  of  the  CV  curve.  Fig.  6  summarizes  the  specific  capaci¬ 
tances  of  the  various  Mn  oxides  measured  at  different  CV  scan 
rates,  ranging  from  5  mV  s-1  to  150  mV  s_1 .  The  optimum  spe¬ 


cific  capacitance  explored  in  this  study  is  as  high  as  402  Fg-1, 
which  is  higher  than  many  of  the  data  that  have  been  reported. 
This  satisfactory  value  has  indicated  that  the  convenient  elec¬ 
trochemical  process  proposed  in  this  study  is  quite  promising 
to  fabricate  the  Mn  oxide  with  great  pseudocapacitive  perfor¬ 
mance.  The  exceptional  capacitance  could  be  associated  with 
the  nanostructure  of  the  initial  Mn  film,  which  was  believed  to 
be  partially  oxidized  and  remind  intact  in  the  underneath  layer. 
The  nanostructured  Mn  underlayer  with  large  surface  area  actu¬ 
ally  acted  as  a  supporter  or  current  collector  and  consequently 
improved  the  utilization  of  the  Mn  oxide.  In  addition,  the  metal¬ 
lic  and  highly  porous  characteristics  of  the  Mn  supporter  would 
increase  both  the  electronic  and  ionic  conductivity  of  the  elec¬ 
trode.  Therefore,  the  excellent  electrochemical  performance  can 
be  obtained.  It  is  recognized  in  Fig.  6  that  the  anodization  condi¬ 
tions  significantly  affect  the  specific  capacitances  of  the  prepared 
Mn  oxides.  The  superior  performance  of  the  Mn  oxide-CV  elec¬ 
trode  can  be  attributed  to  three  major  factors.  (1)  High  surface 
area:  As  seen  in  Fig.  2,  the  Mn  oxide-CV  electrode  is  much 
more  porous;  therefore,  the  reactivity  (or  utilization)  of  the  oxide 
can  be  enhanced.  (2)  Highly  hydrous  state:  Since  it  has  been 
known  [8,28,29]  that  increasing  the  hydrous  state  can  promote 
the  ionic  conductivity  of  the  oxide,  the  high  hydroxide  and  struc¬ 
ture  water  contents  of  the  Mn  oxide-CV  electrode  (as  shown 
in  Fig.  4(b))  would  be  favorable  for  the  great  pseudocapacitive 
property.  (3)  Low  Mn  valent  state:  Our  previous  report  [14]  indi¬ 
cated  that  the  lower  (initial)  Mn  valent  state  was  beneficial  for 
specific  capacitance  of  the  oxide;  this  fact  was  probably  because 
of  the  larger  oxidation  state  change  could  be  achieved  during  the 
charge-discharge  process  [16].  Fig.  6  also  demonstrates  that  the 
specific  capacitances  of  the  electrodes  decrease  with  increasing 
the  potential  scan  rate;  it  is  due  to  the  kinetic  limitation  of  the 
faradic  redox  reactions  of  the  oxides.  At  a  rate  of  150  mV  s-1, 
the  Mn  oxide-P,  Mn  oxide-G,  and  Mn  oxide-CV  electrodes 
respectively  possess  50%,  59%,  and  70%  of  their  specific  capac¬ 
itances  measured  at  5  mV  s_1 .  The  great  high-rate  capability  of 
the  Mn  oxide-CV  electrode  has  made  its  superior  capacitance 
even  more  pronounced  at  a  high  potential  scan  rate  condition. 

Electrochemical  stability  of  the  Mn  oxides  was  evaluated  by 
repeating  the  CV  test  for  500  cycles.  The  experimental  data 
indicated  that  capacitance  retained  ratios  (capacitance  at  the 
500th  cycle/capacitance  at  the  first  cycle)  of  the  Mn  oxide-P, 
Mn  oxide-G,  and  Mn  oxide-CV  electrodes  were  83%,  86%, 
and  94%,  respectively.  It  was  interesting  to  find  that  the  cyclic 
stability  of  the  Mn  oxides  also  depended  on  their  anodization 
history.  Although  the  detailed  mechanism  that  caused  such  dif¬ 
ference  in  the  capacitance  fading  rate  was  not  clear  yet,  the 
phenomenon  is  conspicuous.  According  to  the  results  presented 
in  this  paper,  the  Mn  oxide-CV  electrode  which  has  high  spe¬ 
cific  capacitance,  good  high-rate  capability,  and  long  cycle  life 
is  undoubtedly  a  very  promising  electrode  material  for  using  in 
supercapacitors. 

4.  Conclusions 


Fig.  6.  The  specific  capacitances  of  the  three  different  Mn  oxide  electrodes  as  The  metallic,  amorphous,  and  nanostructured  characteristics 

a  function  of  the  potential  scan  rate  during  CV  testing.  of  the  Mn  thin  film  electrodeposited  in  BMP— NTf2  ionic  liq- 
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uid  have  been  considered  to  be  unique  for  fabricating  the  Mn 
oxide  with  exceptional  pseudocapacitive  performance.  It  was 
also  found  that  the  Mn  films  could  be  anodized  in  Na2SC>4 
aqueous  solution  by  the  various  electrochemical  methods  and 
transformed  to  the  Mn  oxides  with  different  material  charac¬ 
teristics.  The  Mn  oxide  anodized  by  the  CV  condition  which 
had  the  largest  surface  area,  highest  hydrous  state,  and  lowest 
Mn  valent  state  showed  the  most  promising  specific  capacitance 
of  402  Fg-1  among  the  electrodes.  This  oxide  electrode  also 
showed  a  great  high-rate  charge-discharge  capability;  moreover, 
its  capacitance  retained  ratio  after  500  CV  scans  was  as  high  as 
94%. 
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